The mechanism and prevention of concussion have been extensively investigated in the last decade. Concussions have both immediate and long-term psychological and intellectual effects. [1] [2] [3] It has been shown that the effects of each concussion may be additive 4 and that a second concussion, sustained before the effects of the first injury are over, may be fatal.
METHODS
The testing paradigm we employed uses an impact force to induce a rotational acceleration in the horizontal plane. The test "subject" was an ISO standard anthropometric humanoid headform composed of a magnesium-aluminum alloy.A size 'J' headform was used, corresponding to an average head size with a circumference of 57 cm. The head was mounted on a flat wooden surface using a brass bearing with a diameter of 1.25 inches. The axial play of the bearing was 0.0005 inches, that in effect limited the motion of the head to rotation in the horizontal plane. This was done in order to isolate rotational velocity and acceleration of the headform.
Above the headform spanned a circular stainless steel arc that was fastened to the support surface. A PARKER pneumatic cylinder with a 1.06 inch bore was mounted to the arc frame. The cylinder contained a stainless steel piston that could be propelled forward by air pressure. To the end of the piston was attached a lead disk that was used as the impacting surface. The motion of the piston was controlled by a dual action unrestricted flow valve which, when activated using an electrical switch, would cause the piston to move forward, impact the object, and retract immediately. The piston stroke length was 4 inches.
The energy produced by the pneumatic cylinder depended upon the air pressure used to propel the piston and the length along the piston stroke that the impact occurred. By keeping these two variables constant, a consistent force of impact could be ensured. The air pressure used for each impact was 125 psi and the impacts occurred at 3.625 inches along the stroke length. The force produced by the piston was 492.7 N. The energy conferred to the system was 44.7 J. These values, and the subsequent accelerations produced, are consistent with concussion level forces in prior experimental situations. 14, 15 The compressed air was produced by a portable compressor and the electrical switch was powered by a 12 V transformer. The mounting of the cylinder was such that it could be moved up and down along the length of the arc as well as pivot ±30 degrees in place. By turning the head 180 degrees, impacts could be simulated on opposite sides. The arc itself could be moved laterally along the side of the wooden surface. The ability to adjust all these factors made it possible to simulate consistent impacts in any of the three dimensions on the helmet or headform surface.
To measure the rotational accelerations of the helmet relative to the headform, one uniaxial accelerometer was mounted on the headform and one was mounted on the helmet at the most anterior location possible. All impacts occurred on the anterolateral surface, simulating a blow to the anterior temporal area. Every effort was made to standardize the impact location for all five trials of each helmet and between the various helmet types. Previous experiments had shown that five trials were s u fficient to acquire an average acceleration curve. T h e acceleration measurements were obtained by the accelerometer transmitting a voltage change that was recorded by a digital oscilloscope. Two waveforms were recorded for each impact: one for the helmet and one for the headform. The current paper is concerned only with the accelerations experienced by the headform, both with and without headgear. The data gathered regarding helmet motion will therefore not be presented here.
The initial series of impacts were on an unprotected headform, in order to establish a baseline and a basis of comparison for the degree of helmet protection. T h e accelerometer was on the most frontal aspect of the headform. The second series of impacts used two different models of hockey helmets, a boxing helmet and a construction safety helmet. The accelerometer in each case was placed on the most anterior aspect of the headform. Each impact test consisted of five impacts averaged into an acceleration curve. Helmets were fitted according to the manufacturers'recommendations. Figure 1 shows the acceleration profile obtained for Hockey helmet A. Figure 2 shows the accelerations measured with Hockey helmet B. Figure 3 shows the reduction of rotational acceleration afforded by the boxing helmet, and Figure 4 shows the results obtained with the construction helmet. A composite graph of all helmets tested is shown in Figure 5 . All figures also illustrate the unhelmeted headform acceleration curve for comparison.
RESULTS

DISCUSSION
Multiple theories for the mechanism of concussion exist. 16 The oldest of these theories is the vascular hypothesis of concussion. The loss of consciousness and the other neuropsychological changes that may accompany a concussion are postulated to be due to transient cerebral ischemia. Although popular for many years, this theory does not account for the immediate onset of symptoms, moreover, recent studies of cerebral energy production in concussed rat brains have failed to show any decrease in metabolism. 17 Some researchers believe the vascular theory may explain some of the long-term side effects of concussion such as amnesia. 16 The reticular theory argues that the symptoms of concussion are the result of a disturbance in the brainstem reticular formation following a traumatic event. Since damage to the brainstem can cause somnolence, stupor, coma or even death, it was argued that a less severe insult could cause a transient disturbance in function. Multiple mechanisms have been proposed to account for such transient impairment. Elastic distortion, stretching, shearing, disruption due to intracranial pressure gradients and/or rotational accelerations, and induced release of acetylcholine have all been postulated as mechanisms by which the reticular formation in the brainstem is damaged.
In the 1970s, Ommaya and Gennarelli 1 0 postulated the centripetal hypothesis. Their theory was founded on a more refined understanding of the biomechanics of concussion. 12, 18 They theorized that rotational forces play a key role in concussion and that concussion occurs as a result of shearing strains and stresses between various brain regions of differing tissue densities. Such rotational velocities and stresses are greatest at the peripheral interfaces between the superficial gray matter and the deeper white matter.
The pontine cholinergic hypothesis, formulated in the 1980s by Hayes et al, 19 is similar to the reticular theory in that it too points to a disturbance in the reticular formation as the main factor in concussion. It postulates a mechanical disruption of the brainstem during a concussive event, which activates an inhibitory cascade involving release of the neurotransmitter acetylcholine. This activation of an "inhibitory system" is what differentiates the pontine cholinergic theory from the reticular theory. The latter postulates the depression of an "activating system" rather than the activation of an "inhibitory system" to account for the concussive symptoms. Proponents cite the beneficial effect of anticholinergics administered to a concussed patient, as well as the detrimental, concussion-like effects that can be induced by introducing cholinergic agonists into the brains of test animals. 16 The convulsive theory argues that the symptoms of a concussion share many similarities with epileptic seizures. It postulates that a concussive blow sets up complex movements of the brain within the cranium. Collisions occur between various brain regions and the skull. Such collisions create mechanically induced depolarisations of the cortex creating a synchronised discharge of cortical neurons. Evidence for this theory comes from various EEG and other neurophysiological studies. 16 Many laboratory experiments have sought to simulate concussions. They have utilized both cadaveric and animal models. The latter have included both higher and lower mammals, such as rats, mice, cats, ferrets, pigs, squirrel monkeys, baboons and chimpanzees. Compressive experiments involve using some mechanism to directly compress the brain or dura. While these compression studies do not seek to be accurate in reproducing the precise mechanism of concussive injury, in that the force is applied directly to the dura and not transmitted through the skull, they do allow experimentation with a fixed head. This makes instrumentation and data gathering such as EEGs easier to accomplish. 16 Acceleration models use a mobile head but have to contend with the difficulties inherent in gathering information from a moving target. There are two general methods of delivering accelerative/decelerative injury in acceleration models: by impact or by impulse. Impact involves a blow making direct contact with the head, while impulse involves setting the head in motion using an accelerative force without directly striking it. 16 When using a biological model to test concussions, an impact injury, in addition to providing acceleration/deceleration, also sets up pressure waves within the cranial vault. 20 This possible confounding factor can be avoided by using a nonimpact, purely impulse paradigm. The most sophisticated and quoted of these is the 'PENN II" device by Ommaya and Gennarelli. 10 From these experimental models it appears that a mobile head is more susceptible to concussion than a fixed head. It also appears that rotational acceleration is more damaging than linear accelerating forces.
1 0 -1 2 Although the exact mechanism of concussion is not fully understood, it appears that traumatic force is required and that rotational force is more important than translational force. 10, 11 Helmets have been designed to protect the cranial vault from skull fracture and major injury. Their efficacy is welldocumented. 8 However it has not been documented how much they aid in the prevention of specific concussive injury.
Helmet performance, or protection, as it is currently evaluated, involves an assessment of linear acceleration protection. The testing paradigm uses experimental deceleration through an impact. The regulatory standards involve linear drops of 6-9 ft. of a helmeted metal headform onto a flat metal surface, while recording the acceleration of the centre of mass of the headform at impact. 13 The metal headform is not designed to simulate the skull-brain interface. It does not contain a simulated brain component such that there are no confounding variables of impact-generated intracranial pressure gradients to contend with. 16 Many head injury research protocols exist that measure acceleration changes. However, the accelerometers are frequently placed within the head or at the centre of gravity, which is not the place of maximal rotational acceleration potential. 8 As such, the role of purely rotational forces in impact models has not been isolated.
Our device simulated the rotational acceleration of a helmeted headform. Every effort was made to design the testing paradigm such that it simulated currently accepted common mechanisms for the generation of cerebral concussions. Current helmet standards generally utilize impact energies between 40-150 J. 13, 15 We chose to use a relatively low impact force of 44.7 J. We chose a location of impact that caused maximal rotational acceleration. Impacts in the temporal area that result in horizontal rotation of the head have been shown to be particularly prone to generating concussions. 10, 15 Current helmet testing does not address these concerns. Linear deceleration recordings from the centre of the head do not appear to match the research findings that are important in concussive injury. 3, 10, 11 It is, however, important to note the recent work of Pellman and colleagues [21] [22] [23] in investigating the biomechanics of head injuries leading to concussion in the National Football League. They utilized video footage of actual game-time head injuries and, using sophisticated image analysis techniques, reconstructed the impacts in the laboratory. Their results clearly illustrate that impacts on the facemask area were most likely to cause concussions. They state "impacts to the facemask generally twist the head while accelerating it". 23 This type of impact clearly has a component of rotational acceleration associated with it. They found, however, that, contrary to earlier studies, translational acceleration measurements were more closely related to clinical concussion than rotational accelerations. It was also found that changes in translational acceleration were reflected in similar changes to rotational acceleration. Their conclusion was that helmet testing need only involve translational acceleration measurements.
Because the brain mechanisms for concussion are not precisely defined, we believe that translational and rotational acceleration must be separated and studied independently for further concussion understanding and helmet design. We developed a testing technique that evaluates relatively low force rotational impacts. The degree of rotational acceleration protection can be easily established for any helmet design and fitting characteristic. It is our hope that this testing paradigm will lead to further improvement in the design, construction, and fitting of helmets to maximize protection against rotational injury. It is apparent from Figure 5 that while all helmets dampen rotational acceleration, they do so to different degrees. The current experiment was only designed to investigate whether differences exist between rotational acceleration characteristics of various helmets. Further study is necessary to understand the reasons behind these differences. The authors plan to use this testing technique using a wide range of impact forces and locations to more completely characterize the rotational protective abilities of helmets.
